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Abstract
Objectives: The mechanisms involved in the initiation and progression of peri-implantitis 
lesions are poorly understood. It was the aim to determine the content and activation status of 
macrophages present in human peri-implantitis lesions and compare the current findings with 
the macrophage polarization associated with periodontitis lesions.
Material and Methods: A total of 14 patients were studied in this investigation. Seven were 
soft tissue biopsies from dental implants affected by peri-implantitis that required 
explantation. Seven biopsies were from chronic periodontal disease. Immunofluorescence 
stains were performed using biomarkers to identify macrophages (CD68+) undergoing M1 
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DNA content. All samples were stained and photographed, and double-positive cells for 
CD68 and iNOS, or CD68 and CD206 were quantified.
Results: All peri-implantitis biopsies examined revealed a mixed population of macrophages 
undergoing M1 and M2 polarization. Further analysis demonstrated the co-expression of 
iNOS and CD206, which indicates the presence of a heterogenic immune response on peri-
implantitis lesions. Macrophage polarization in peri-implantitis lesions presents a distinct 
pattern than in periodontitis. We observed a significant increase in the population of M1 
macrophages on peri-implantitis samples compared to periodontal disease samples.
Conclusion: Our results demonstrate that peri-implantitis has higher numbers of macrophages 
displaying a distinct macrophage M1 polarization signature compared to periodontitis lesions.  
This pattern may explain, in part, the distinct nature of peri-implantitis progression versus 
periodontitis in humans. 
MeSH term Keywords: Peri-implantitis; dental implants; inflammation; histology; 
macrophages; periodontitis; nitric oxide synthase
Introduction
Biological and technical complications can occur around osseointegrated dental 
implants leading to peri-implant diseases (Berglundh, Jepsen, Stadlinger, & Terheyden, 2019; 
Derks & Tomasi, 2015). Although the disease progression is a relatively well-known process, 
the etiology of peri-implantitis remains elusive.
Currently, studies on the inflammatory infiltrate surrounding peri-implantitis lesions 
have shown the predominant presence of plasma cells and lymphocytes (Berglundh, 
Zitzmann, & Donati, 2011) along with neutrophils and macrophages (Berglundh et al., 2011; 
Carcuac & Berglundh, 2014; Gualini & Berglundh, 2003). Despite this composition 
assessment, there is limited information on the polarization status of macrophages in peri-
implantitis lesions. Macrophages undergo polarization in response to environmental cues. 
Notably, M1 macrophages are involved in the pro-inflammatory response that can be caused 
by bacteria and its cues, while M2 macrophages play a role in the resolution of inflammation 
and tissue repair (Palevski et al., 2017; Yu et al., 2016). Macrophages are also responsible for 
the production and secretion of cytokines. However, the secretory profile of macrophages 
undergoing M1 or M2 polarization differs. M1 macrophages express high levels of pro-
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intermediates; while M2 macrophages are typically associated with the production of IL-10, 
which is involved in the regulation of extracellular matrix, fibroblast function, and endothelial 
progenitor cells (King, Balaji, Le, Crombleholme, & Keswani, 2014; Sica et al., 2000).
Aiming at an enhanced understanding of macrophage contribution to the pathogenic 
mechanisms of peri-implantitis, the current study characterized the polarization pattern of 
macrophages associated with peri-implantitis and compared these results with the macrophage 
composition of chronic periodontitis lesions.
Materials and Methods 
The study was approved by the ethics committee of Charité Berlin, Germany (No 
EA4/050/13), the ethics committee of the University Medical Center Freiburg, Germany (No 
268/13), and the University of Michigan Health Science Institutional Review Board 
(HUM00097548). This study was performed in accordance with the Helsinki Declaration of 
1964, as revised in 2013.
Study population 
Biopsies were harvested from tissues surrounding implants needing explantation due 
to peri-implantitis. Patients were enrolled consecutively at two study centers (the Department 
of Oral and Craniomaxillofacial Surgery at the University Medical Center Freiburg, and the 
Department of Oral and Maxillofacial Surgery at the Charité Campus Virchow Berlin) 
between August 2015 and December 2016. After evaluation and clinical indication for 
implant removal, patients were informed about the study conditions and signed written 
consent for the surgical procedure. Biopsy from periodontitis patients was previously reported 
(Garaicoa-Pazmino et al., 2019).
Inclusion/exclusion criteria
Patients with at least 1 implant diagnosed with peri-implantitis were enrolled in the 
study. The diagnosis of peri-implantitis was determined by clinical and radiographic 
parameters (presence of BOP and/or suppuration, changes in level of crestal bone with or 
without concomitant deepening PD) in accordance with 2017 World Workshop on the 
classification of periodontal and peri-implant diseases and conditions by the American 
Academy of Periodontology (AAP) and European Federation of Periodontology (EFP) 
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tooth showing signs of loss of clinical attachment level (CAL) ≥ 5mm, probing depths (PD) ≥ 
4mm, bleeding on probing (BOP), and radiographic marginal bone loss of ≥ 33% (Caton et 
al., 2018; Papapanou et al., 2018).
Patients younger than 18 years of age, with previous surgical or periodontal therapy of 
the dental implant were excluded from the study. Immunocompromised patients, as well as 
patients undergoing radiation therapy or chemotherapy, were also excluded. Patients with 
periodontitis were also excluded if presenting with uncontrolled systemic disease or 
conditions known to alter bone metabolism (i.e., osteoporosis, osteopenia, 
hyperparathyroidism, or Paget’s disease), pregnancy, history of oral cancer, sepsis or adverse 
outcomes to oral procedures, long-term use of antibiotics over 2 weeks in the past two 
months, smokers, former smokers, and patients taking medications known to modify bone 
metabolism. Inclusion criteria for periodontitis patients were previously reported (Garaicoa-
Pazmino et al., 2019).
Soft tissue harvesting procedure and/or processing
A total of 7 peri-implant mucosa samples were obtained from 7 patients with dental 
implants diagnosed with peri-implantitis. The presence and polarization status of 
macrophages from peri-implantitis samples were compared with 7 soft tissue samples 
harvested from sites affected with periodontitis from 7 patients. Table 1 summarizes the 
demographic data from all included samples.  Peri-implantitis tissue samples were obtained at 
the time of dental implant removal under local anesthesia, as described previously (Fretwurst 
et al., 2016). A circular incision with releasing incisions mesial and distal of the implant at a 
distance of 2 mm from the implant was performed in the soft tissue using a scalpel. A 
mucoperiosteal flap was mobilized, and the remaining inflamed peri-implant tissue was 
removed using a clamp and scalpel. The biopsies were placed in a 3.7 % neutral buffered 
formalin solution (Otto Fischer GmbH, Saarbrücken, Germany) until further processing. The 
samples were embedded in Technovit 9100 (Heraeus Kulzer GmbH, Wehrheim, Germany) 
that is suitable for histological sections that may contain soft and hard tissues, following 
manufacturer’s guidelines. Note that Technovit 9100 After complete embedding and cooling, 
sections were cut using either a rotary microtome with a glass diameter 400 x 25 x 100 mm 
(Leica, Nussloch, Germany) or a Leica microtome for paraffin-embedded tissues. Tissue 
sections of 5 µm were prepared for histological examination. Periodontitis tissue samples 
were obtained at the University of Michigan School of Dentistry between September 2015 
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from the most accessible target lesions associated with traditional periodontal flap procedures. 
Open flap debridement and/or resective approaches were selected for periodontitis-affected 
patients. The biopsies were fixed in a 3.7 % neutral buffered formalin solution, dehydrated 
and embedded in paraffin. The samples were stored as coded specimens not to reveal personal 
patient-related information.
Immunofluorescence 
Antigen retrieval was performed using 10 mM sodium citrate buffer (pH 6). To block 
unspecific binding, the sections were incubated with 3% (w/v) bovine serum albumin (BSA). 
After overnight incubation (at 4°C) with primary antibodies (1:50 dilution) anti-CD68 (Rabbit 
Polyclonal Antibody, Proteintech, Rosemont, IL, USA), anti-iNOS (Mouse Monoclonal 
Antibody, R&D Systems, Minneapolis, MN, USA), and anti-CD206 (Goat Polyclonal 
Antibody, R&D Systems, Minneapolis, MN, USA);  the sections were incubated with Alexa 
488, Alexa 568 and Alexa 647-conjugated secondary antibodies (dilution 1:200) for 1 h, and 
then stained with Hoechst 33342 (Sigma-Aldrich Corp., St. Louis, MO, USA) to visualize the 
individual nucleus of the cells. NIH ImageJ software (NIH, Bethesda, MD) was used to 
calculate the total number of cells per field presenting positive nuclear staining for Hoechst 
33342. The DNA nuclear staining Hoechst 33342 is the staining of choice in 
immunofluorescence assays to determine the total number of live cells (cellular density) by 
providing high-quality resolution images.  The omission of the primary antibody was used as 
negative controls. A QImaging® EXi Aqua™ monochrome digital camera (QImaging, 
Surrey, BC, Canada) attached to a Nikon Eclipse 80i microscope (Nikon, Melville, NY) was 
used to capture the region of interest (ROI) images from peri-implantitis and periodontitis 
samples. ROI was composed of connective tissue and associated inflammatory infiltrate, and 
the epithelial component of the gingival mucosa. All images were visualized with 
QCapturePro software (QImaging, Surrey, BC, Canada).
Identification and quantification of iNOS+/CD68+ (M1) and CD206+/CD68+ (M2) 
macrophage polarization 
Tissue samples were photographed using a 20X objective, and 5 to 10 random 
independent fields were assessed using ImageJ software. Due to the number of channels 
limitation of the RGB color model, all samples were analyzed by combining CD68 (Alexa 
568) staining with CD206 (Alexa 488) and Hoechst 33342 (Blue), or CD68 (Alexa 568) 
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positive cells. As all generated images were in grayscale, and the specificity of each channel 
was given by the narrowband filters, the pseudocolor of the samples followed the RGB (red, 
green, and blue) channels. This strategy allowed consistent use of a split channel function for 
precise quantification of positive macrophages and the corresponding polarization. The 
iNOS+/CD68+ (M1-like macrophage) and CD206+/CD68+ (M2-like macrophage) positive 
cells were analyzed and quantified using monochromatic images using the NIH ImageJ 
software (https://imagej.nih.gov/ij/) split-channel mode, followed by cell counting plugin 
(Schneider, Rasband, & Eliceiri, 2012). The results were expressed as a percentage of positive 
double-stained cells among the total number of CD68+ cells. The analyses were done by three 
masked, independent examiners (LL, CGP, TF). The Kappa test was used to calculate the 
inter-examiner agreement, which indicates a moderate to a substantial agreement among 
examiners (K=0.63).
Statistical Analysis
Statistical analyses were performed using a one-way ANOVA or Student t-test to 
analyze two distinctive groups or sets of data. GraphPad Prism 8.00 (GraphPad Software, San 
Diego, CA) were used, and the asterisks denote statistical significance (*p < 0.05; **p < 0.01; 
***p < 0.001; and NS p > 0.05).
 
Results
Peri-implantitis lesions are populated with macrophages
 CD68+ cells (macrophages) were present in peri-implantitis, particularly within the inflamed 
soft tissue surrounding the implant (Fig. 1, red channel). From this group of cells, we decided 
to further identify the macrophages associated with an acute response phase characterized by 
M1 polarization (iNOS+ cells) (Fig. 1A, cyan channel) and the macrophages associated with a 
resolution phase characterized by an M2 polarization (CD206+ cells) (Fig. 1B, green channel). 
The cells were also stained with Hoechst 33342 nuclear stain. Merged images of CD68 and 
iNOS (Fig. 1A) and CD68 and CD206 (Fig. 1B) double-positive cells were present in all peri-
implantitis samples suggestive of a mix population of macrophages undergoing M1 and M2 
polarization. Merged images containing all 4 channels (red: CD68+, green: CD206+, cyan: 
iNOS+, and blue: Hoechst 33342) demonstrated the heterogeneity of macrophage polarization 
in peri-implantitis lesions (Fig. 1C and D).
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Our results showed that peri-implantitis samples presented a similar polarization 
pattern of macrophages, in which 53.74±5.98% of the macrophages are iNOS+/CD68+ (M1 
polarization) and 56.34±6.91% are CD206+/CD68+ (M2 polarization) (Fig. 2A). Also, we 
identified macrophages co-expressing iNOS and CD206 markers, indicating a heterogenic 
immune response during the process of peri-implantitis. When analyzing the distribution of 
macrophage polarization among all 7 patients, we observed that 1 patient presented 
macrophages with M1 polarization (i.e., samples 1); and 3 patients showed more 
macrophages with M2 polarization (i.e., samples 3, 4, 7) (Fig. 2B). Notably, we detected the 
presence of similar levels of M1 and M2 polarization in almost half of the samples (i.e., 
samples 2, 5, and 6) (Fig. 2B). Indeed, CD68+ cells (macrophages) comprised of 
14.92±2.19% of the total number of cells found in each ROI (identified by Hoechst 33342) 
present in the connective tissue (cellular density), while only 7.35±1.44% were iNOS+/CD68+ 
(M1 polarization) (**p<0.01), and 7.56±1.43% were CD206+/CD68+ (M2 polarization) 
(**p<0.01) (Fig. 2C, Supplementary table 1). 
Peri-implantitis presents a distinct macrophage polarization pattern from periodontitis
Here, we investigated the macrophages content within peri-implantitis lesions and 
compared it with our previously reported cohort of periodontitis patients (Garaicoa-Pazmino 
et al., 2019). Our results showed that soft tissues from periodontitis have an inflammatory 
infiltrate containing significant levels of CD68+ macrophages. Similar to the peri-implantitis 
samples, CD68+ cells in periodontitis presented either an M1 polarization detected by iNOS 
and/or an M2 polarization identified by CD206+ marker. When comparing the results from 
peri-implantitis cases and periodontitis, we found that peri-implantitis samples displayed 
higher numbers of CD68+ cells. An average of 14.92±2.19% of the cells present in the 
connective tissue of peri-implantitis were CD68+ cells, compare to 8.01±0.32% CD68+ cells 
found in the periodontitis samples (Fig. 3A, ** p<0.01, Supplementary table 2). In addition, 
when comparing the subpopulations of M1 and M2 macrophage polarization, it was observed 
a statistically significant increase in the population of macrophage in M1 from peri-implantitis 
samples (7.06±1.44%) compared to periodontal disease samples (1.64±0.14%) (Fig. 3B, ** 
p<0.01). In contrast, M2 macrophage polarization presented similar levels among peri-
implantitis (7.56±1.44%) and periodontitis (4.07±0.20%) samples (Fig. 3B, ns p>0.05, 
Supplementary table 3). Even after adjusting for the total number of macrophages (baseline 
corrected) from periodontitis and peri-implantitis, an increase in M1 polarization in peri-
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(*** p<0.001) (Fig. 3C). M2 polarization remained similar among both diseases, with 
53.67±5.2% of the peri-implantitis macrophages and 47.64±2.3% of periodontitis samples 
presenting an M2 polarization (ns p>0.05) (Fig. 3C, Supplementary table 4).
Discussion
In the present study, we investigated the status of macrophage polarization in human 
peri-implantitis lesions. Interestingly, we found that peri-implantitis present a distinct 
signature of macrophage polarization as compared with periodontitis lesions. 
Macrophage polarization has been a complex topic with conflicting data in periodontal 
disease research (Viniegra et al., 2018; Yang et al., 2017; Yu et al., 2016; S. Zhang et al., 
2013).  Much of the discrepancy may be associated with technical challenges, such as the 
selection of molecular markers capable of identifying changes in macrophage polarization. 
This is particularly seen during the selection of markers capable of identifying M1 
polarization. There are fewer markers associated with M1 polarization when compared to the 
available markers for M2. iNOS was chosen as a functional marker for the M1 phenotype 
(Lisi et al., 2017). Antibodies capable of detecting inducible nitric oxide synthase (iNOS) 
provide specificity in the identification of macrophages presenting high levels of nitric oxide 
as part of a defense mechanism.
Moreover, the quantification of macrophages that are actively changing their 
polarization status as the disease progresses makes cellular quantification challenging (Parisi 
et al., 2018). Infection with Porphyromonas gingivalis resulted in an increase in M1 
polarization of macrophages in an experimental model of periodontitis (Lam et al., 2016; Lam 
et al., 2014). Yet, little is known regarding the macrophage polarization pattern found in peri-
implantitis lesions. A study comparing the cellular composition in peri-implantitis lesions 
with periodontitis demonstrated a significant increase in macrophages in peri-implantitis 
compared to periodontitis lesion (Carcuac & Berglundh, 2014). This data is in line with the 
results found in the present study, where a significant increase in total numbers of CD68+ 
macrophages was found in peri-implantitis tissues compared to periodontitis. 
M1 macrophages have been detected in tissues around implants affected by peri-
implantitis (Fretwurst et al., 2016; Pettersson et al., 2017). The present study has 
demonstrated that, indeed, macrophages presenting M1 polarization are present in peri-
implantitis lesions, and M1 polarization is more predominant in peri-implantitis than in 
periodontitis, suggesting an intrinsic difference between the macrophage content and potential 
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depicted by the elevated M1 polarization observed in peri-implantitis lesions also suggest a 
robust response of the immune system against local factors; and, therefore, increased tissue 
destruction. Our histological data are consistent with clinical disease progression observed in 
peri-implantitis. Peri-implantitis has been characterized by acute inflammation, early disease 
onset, and a non-linear, accelerating pattern of bone loss when compared to periodontitis 
(Derks et al., 2016).
Similar to the observed in periodontal diseases, other inflammatory conditions are 
characterized by the infiltration of macrophage presenting a dynamic range of polarization. 
Current knowledge on macrophage polarization suggests that monocytes and macrophages 
exhibit high cellular plasticity depending on environmental cues and alternative controlling 
mechanisms. Such mechanisms can induce the classical (Th1) or alternative (Th2) activation 
of macrophages (Das et al., 2015; Mills & Ley, 2014). Classical activation of macrophages is 
triggered by Th1-type cytokines like interferon-gamma or by lipopolysaccharides leading to 
the conversion of arginine and the production of NO by iNOS (Classen, Lloberas, & Celada, 
2009). Th2-type cytokines, including IL-4, IL-10, or IL-13, trigger the alternative activation 
of macrophages leading to the degradation of arginine and further repair of the damaged 
extracellular matrix. It is interesting to note that in wounds, the infiltration of macrophages is 
composed of classical and alternative macrophage polarization (Daley, Brancato, Thomay, 
Reichner, & Albina, 2010), similar to the observed in our peri-implantitis and periodontitis 
samples. In fact, the complexity of macrophage polarization in periodontal disease supports 
the need for a new classification system for macrophage activation status other than M1 or 
M2. It has been proposed by Murray and colleagues a novel system that takes into account the 
source of the macrophages, the definition of the activators, and a common agreement on the 
markers for macrophages (Murray et al., 2014). Macrophages are also susceptible to constant 
transcriptional reprogramming. Xue and colleagues used the transcriptional activation states 
of macrophage in M1 versus M2 to identify nine distinct macrophage activation programs 
(Xue et al., 2014). Such findings could explain the double-positive staining of macrophages 
with iNOS and CD206, which were noted in the present and previous study by our group 
(Garaicoa-Pazmino et al., 2019). 
Our results are exciting and align with previous publications that identified a 
substantial increase in the number of macrophages in peri-implantitis lesions compared to 
periodontitis (Carcuac & Berglundh, 2014). We also demonstrate that peri-implantitis lesions 
are endowed with an increased population of M1 macrophages compared with periodontitis 
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the small sample size. Small sample size has elevated chances to incorporate unforeseen bias, 
and the statistical results must be interpreted carefully. The current literature on macrophage 
polarization does not have a clear consensus on markers to identify M1 and M2 polarization, 
and emerging data suggest an increased complexity on the differentiation of macrophages 
dependent on environmental cues. Few studies proposed staining protocols for activated 
macrophages with iNOS (He et al., 2015; Tang, Zhao, Lei, Chen, & Zhang, 2019), CCR7 
(Wang, Li, Feng, Cheng, & Li, 2019) for detecting M1 phenotypes, while others used CD206 
(Viniegra et al., 2018) (Lee et al., 2018; Nawaz et al., 2017; C. Zhang et al., 2017)  or CD163 
(Ham et al., 2017; Wang et al., 2019) for M2 phenotypes. The presence of subtypes of 
macrophage polarization like M2a, M2b, M2c, and M2d also remains to be defined in 
periodontal diseases. Further studies are also needed to clarify whether macrophage 
polarization depends on implant material/surface treatment or local contributing factors as 
unique environmental determinants of macrophage differentiation in peri-implantitis lesions. 
The present data offer information for in-depth follow-up investigations and in-vitro 
investigations to elucidate a potential etiological pathway. Also, further clinical studies will 
help to shed light on the macrophage signature and their potential contribution to the 
transition of peri-implant mucositis into peri-implantitis.
In conclusion, our findings indicate that peri-implantitis patients co-express both M1 
and M2 polarization within the same lesion. Additionally, peri-implantitis lesions display 
higher levels of macrophages dispersed in the soft tissues compared to periodontitis, and most 
interestingly, peri-implantitis samples also present an increase in the M1 polarization when 
compared to periodontitis samples. These results aid in a better understanding of the complex 
process of the pathogenesis of human peri-implantitis lesions.
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Table 1. Demographic data
Peri-implantitis lesions Periodontitis lesions
Subjects (n) 7 7
Biopsies 7 7
Males: n and (%) 3 (42.86) 4 (57.14)
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Figure 1: Identification of macrophages in peri-implantitis-associated soft tissue lesions. 
Photomicrographs of macrophages stained for CD68, iNOS, CD206, and counterstained for 
DNA content using Hoechst 33342 dye. (A) A representative example of peri-implantitis soft 
tissue depicting co-expression of CD68 and iNOS (M1 polarization), and (B) macrophages 
co-expressing the CD68 and CD206 marker depicting an M2 polarization. Merged images of 
all 4 channels depicting enhanced M1 polarization (C) and M2 polarization (D).
Figure 2: Quantification of macrophages from peri-implantitis lesions undergoing M1 
and M2 polarization. (A) Quantification of positive macrophages for M1 and M2 
polarization demonstrate similar levels of iNOS+ cells (53.74±5.98%) and CD206+ cells 
(56.34±6.91%) after baseline correction for a total number of CD68+ macrophages. (B) 
Percentage of macrophage undergoing M1 and M2 polarization distributed by patient samples 
(n=7 peri-implantitis patients). Note high heterogeneity on M1 and M2 polarization 
throughout the patient cohort. (C) The graphic depicts the number of macrophages present 
within the connective tissue (CT). The results showed the percentage of macrophages found 
within the total number of cells present in each ROI (n=51 fields). Note that 14.92±2.19% 
were CD68+ macrophages, 7.35±1.44% were macrophages undergoing M1 polarization, and 
7.56±1.43% displayed M2 polarization. Data are shown as percentage mean ± SEM (error 
bar). Statistical differences are represented as ** (p<0.01).
Figure 3: Macrophage content associated with peri-implantitis and periodontitis lesions. 
(A) Total number of macrophages per field found in peri-implantitis and in periodontitis 
lesions. Note higher levels of CD68+ cells in lesions from peri-implantitis (14.92±2.19% 
positive cells/field) compared to periodontitis lesions (8.01±0.32% positive cells/field) (mean, 
SEM; ** p<0.01). (B) Total number of macrophages undergoing polarization in peri-
implantitis and periodontitis samples. Note higher levels of M1 macrophage polarization 
found in peri-implantitis samples (7.06±1.44%_positive cells/field, n=51) compared to 
periodontitis samples (1.64±0.14%_positive cells/field, n=70) (mean, SEM; ** p<0.01). M2 
macrophage polarization presented similar levels on peri-implantitis (7.56±1.44%) and 
periodontitis (4.07±0.20%) samples (ns > 0.05). (C) Macrophages presenting M1 polarization 
in peri-implantitis samples (49.93±5.1%) compared with periodontitis (21.04±2.3%) after 
baseline correction for the total number of CD68+ cells (n=7). Data are shown as percentage 
mean ± SEM (error bar). Statistical differences are represented as *** (p<0.001). 
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